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and Lunn 23 studied the ionization of H 2 in the presence of He and noted the formation of HeH + . An ion with m/z = 6 was also observed and assigned as HeH 2 + . Meanwhile, Lind and Bardwell 24, 25 recognized the ability of noble gas ions to catalyze the polymerization of acetylene, cyanogens and hydrogen cyanide. They suggested the active role of clustering about the ionic centers and, 35 years later, a Xe(CN) 2 + complex was actually observed by mass spectrometric methods. 26 In 1933, Pauling predicted 27 the "normal states" of He 2 + and He 2 2+ and the singly-charged He 2 + , Ne 2 + and Ar 2 + were soon observed by Tüxen 28 in the mass spectra of ionized helium, neon and argon (He 2 2+ was also detected in 1985 29 by charge stripping of He 2 + ). Kr 2 + and Xe 2 + were observed by Hornbeck and Molnar in 1951 30 and the heteronuclear diatomic ions of all the rare gases (except radon) were reported in 1963. 31 In addition, in the early 1960s, several investigators had already observed the formation by ion-molecule reactions of various cationic species with noble gases bound to carbon, nitrogen, oxygen and halogens. [32] [33] [34] [35] [36] Xenon-alkyl and krypton-alkyl cations were also produced from the b --decay of the corresponding isoelectronic radioactive alkyl halides. [37] [38] [39] Over the years, the number of observed gaseous noble gas ions has considerably increased and the family currently includes diatomic and small-size polyatomic species as well as large-size ionic clusters and encapsulated products. Theoretical calculations have also been extensively used to aid the interpretation of the experiments and to investigate the conceivable existence of still uncovered molecular species. The matter is, indeed, continuously growing and developing and the present review covers, in particular, exemplary advances achieved in the last decade.
Noble gases as ligands of ionic species
Complexes with metal ions: from diatomic to cluster-size systems
The closed-shell, monoatomic noble gases are, in principle, the simplest ligands to attempt the preparation of co-ordination compounds. It was, however, only in 2000 4 that the isolation of a solid salt of the square-planar cation, AuXe 4 2+ (with two Sb 2 F 11 counterions) definitively demonstrated the ability of xenon to behave as a classical ligand toward metal cations. Other Au-Xe and Hg-Xe cations were subsequently reported, [40] [41] [42] but the synthesis of metal complexes containing noble gases other than xenon still remains a fascinating challenge. On the other hand, under the isolated conditions of the gas phase, all the "inert" elements, including the lightest helium and neon, have a distinct tendency to form complexes with metal ions, mainly cations but also anions. The observed species range from diatomic to cluster-size systems, which contain up to several tens of Ng atoms. Remarkable examples in this regard are the "snowball" complexes ensuing from the ionization of helium nanodroplets doped with metal atoms. These systems are currently being intensively investigated, both experimentally [43] [44] [45] [46] [47] and theoretically, [48] [49] [50] [51] [52] [53] and also in connection with the use of superfluid helium as a gentle matrix for the study of molecular structure and reactivity. 54, 55 Within this description, the simplest metal ion-noble gas complexes are the diatomic singly-charged M + •Ng. The values of the IE (the acronyms used throughout the text are listed in the List of acronyms at the begining of this paper) of the noble gases, listed in Table 1 , are invariably higher than the IE of any metal atom M, 56 so any ground-state M + •Ng, therefore, consists of a M + ion which interacts with a Ng atom. Within this description, it is of interest to appreciate whether the M + -Ng bond is a purely electrostatic and dispersion interaction ("physical" bonding) or whether there is an extra component due to Lewis acid-base covalent interaction ("chemical" bonding). The extensive experimental and theoretical information available up to 2001 on the bond distances, dissociation energies and spectroscopic properties of the diatomic M + •Ng (M + = maingroup or transition metal cation; Ng = He-Xe) was reviewed nearly ten years ago. 57 It was shown, in particular, that when all the physical terms out to 1/R 8 were properly included in a "long-range-forces" model potential, almost all the data available for the potential energy curves of the diatomic M + •Ng could be adequately explained without having to invoke extra covalent forces. Accurate calculations performed in the last decade on various metal ions-noble gas complexes [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] led to further insights into the M + -Ng interaction. In particular, the data obtained for the systems comprising the alkali- [58] [59] [60] [61] [62] and the alkaline-earth metal cations [64] [65] [66] are listed in Tables 2  and 3 . For the alkali-cation-Ng complexes, the model potential analysis confirmed 63 that all these systems can actually be described in physical terms. It was pointed out, however, Ng IE (eV) 2 Taken from Reference 56 c Energy difference between the 2 P 1/2 and 2 P 3/2 electronic states of Ng + d With formation of 2 P 3/2 e With formation of 2 P 1/2 that the employed long-range-force potential cannot account quantitatively for all the effects, particularly at the small bond distances. This probably reflects minor breakdowns of the model at the small internuclear separations, where the "lengths" of the induced multipoles become significant compared to the equilibrium bond distance. In any case, these small quantitative inadequacies do not limit the validity of the model in describing the periodic trends of the structure and stability of the diatomic M + •Ng. In this regard, it is of interest to note the unusual trends of the bond lengths (R e ) and the dissociation energies (D e ) of the noble gas complexes of the alkaline-earth cations. [64] [65] [66] As shown in Table 3 , for any M + •Ng (M + = Be + -Ra + ), the M + •He complex has a large R e and a low D e , the M + •Ne complex has a smaller R e and a slightly higher D e and there is a sudden major decrease in R e for M + •Ar, accompanied by a huge (5-10-fold) increase in D e . The values of R e and D e then both increase, but more slightly, passing from M + •Kr to M + •Rn. For comparison, in the alkali-ion complexes (see Table 2 ), irrespective of the metal cation, the values of both R e and D e follow a regular increasing trend passing from M + Table 3 . Theoretical bond distances (R e ), dissociation energies (D e ), and harmonic vibrational frequencies (ω e ) of the complexes of the noble gases with the alkaline-earth metal cations (taken from .
drop in R e and the concomitant marked rise in D e passing from M + •Ne to M + •Ar, were explained by noting [64] [65] [66] that the s-p or s-d mixing of the singly-occupied ns orbital of M + , induced by the Ng atom, causes the electron density on M + to move offaxis, away from the incoming Ng. This reduces the electron repulsion and allows a closer M + -Ng approach, resulting in an increase in the attractive terms, especially the dispersion interactions. This M + /Ng synergistic effect becomes particularly important in the passage from Ne to Ar but is, instead, essentially negligible for the least polarisable He. As a matter of fact, in the M + •He complexes, the distortion of the electronic cloud of the helium atom is, in general, negligible and the M + -He interaction is truly electrostatic. Based on this observation, it was possible to derive 71 a consistent set of ionic radii of M + , R He , obtained as the R e value of the M + •He complex minus the van der Waals radius of He (estimated as one-half of the R e value of He 2 , or 1.49 Å 72 ). This definition was also extended to the M 2+ cations and to the Manions, 71 and the obtained R He were compared with the ionic radii obtained from X-ray crystallography, as well as with estimates from gas-phase MF, MF + , MO and MOM molecules and ions. This suggested interesting considerations about bonding in ionic crystals and in gas-phase oxides and fluorides. 71 Overall, the theoretical work performed in the last decade confirms that the vast majority of the diatomic M + •Ng are held together by physical forces, even though chemical factors such as the shape of the electron density of the cation and its hybridization may be operative. There are, however, some noticeable exceptions, such as the bonds of Au + with argon, krypton and xenon, that possess a pronounced contribution of covalent character. Thus, in 1995, Pyykkö predicted 73 the existence of Au + •Ng (Ng = Ar, Kr, Xe) by relativistic calculations and suggested that most of the bonding interaction was covalent in character and strengthened along the Ar-Kr-Xe series. The Au + •Xe complex was subsequently observed in the gas phase, 74 and its D e was estimated as 125.9 kJ mol -1 . However, in the meantime, Read and Buckingham 75 had questioned the conclusion by Pyykkö 73 and suggested that the Au + -Xe interaction could be adequately described in terms of the longrange effects of polarization and dispersion. Recent accurate calculations [76] [77] [78] solved the question in favor of the covalent proposal. The theoretical parameters of the interaction potentials of the noble gases with the coinage metal cations Cu + , Ag + and Au + , 76 listed in Table 4 , were slightly refined for the gold complexes 77 and the obtained values were employed for a model potential analysis. 77 The obtained results pointed out a clear covalent component in the bonding of Au + to Kr and Xe, with some evidence for such bonding between Au + and Ar. No evidence was obtained for a covalent contribution to the bonding between Au + and Ne instead. The same conclusion was, indeed, anticipated by accurate fully relativistic calculations. 78 found that the Au-Ng bond is characterized by a pronounced charge accumulation in the middle of the Au-Ng internuclear region, which is typical of a covalent bond. Not unexpectedly, its extent was found to increase as one moves from Ar to Xe. It is also of interest to note that recent DFT calculations on the Au + (Ar) n clusters with n up to 6, 79 also revealed a large amount of charge transfer between gold ions and argon atoms. The largest Au + (Ar) 4 , Au + (Ar) 5 and Au + (Ar) 6 were, in particular, predicted to be, respectively, a distorted tetrahedron, a trygonal bipyramid and a regular octahedron. Passing from the diatomic M + •Ng to the polyatomic M + (Ng) n (n ≥ 2), the character of the M + -Ng interaction is not expected to change and the most interesting questions concern the size of the achievable systems and their structure and stability. In the last two decades, considerable progress has been made in the experimental and theoretical investigation of the complexes of various singly-charged main-group and transition-metal cations with neon, argon, krypton and xenon. [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] The current interest is, however, mainly focused on the somewhat special group of the M + (He) n cluster-size systems obtained from the ionization of metal-doped helium nanodroplets. [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] In typical experimental set-ups, 44, 46 He droplets are first produced by the supersonic expansion of pre-cooled helium gas at stagnation pressures of 20-60 bars through a nozzle of 5-10 μm diameter at temperatures of 8-14 K. In these conditions, the mean droplet size is in the range of 10 3 -10 7 atoms. The beam enters a pick-up chamber containing a heated oven, where a vaporized metal, M, aggregates to clusters inside the He droplets. For the alkali metals, the clusters are attached on the surface of the droplet instead. 95 The metal-cluster doped droplets are subsequently ionized by a laser radiation or by EI and the ensuing ionic species are detected by a quadrupole or a ToF mass spectrometer. Singly-charged M + (He) n are typically observed which contain up to hundreds of helium atoms and the size distributions derived from the mass spectra furnish, in particular, information on the existence of "magic" numbers, typically associated with the closure of shell structures around the central cation. Before discussing relevant experimental results, it is of interest to examine the description of these systems offered by the theoretical calculations. [48] [49] [50] [51] [52] [53] In general, it is accepted that, in liquid helium, a positive ion, M + , is localized at the center of the droplet and forms a "snowball", with well-defined shells of He atoms, which possess a solid-like order, at least in the first surrounding shell. However, at variance with the clusters of the heaviest noble gases, due to quantum effects arising from the low mass of He, the groundstate averaged structures of the M + (He) n can qualitatively deviate from the "static" picture offered, for example, by the "hard-sphere" packing model 85 or by the equilibrium structures computed by ab initio or DFT calculations. The M + (He) n have, therefore, been investigated by Monte Carlo methods, with special attention to systems containing the alkali and alkaline-hearth singly-charged cations. [48] [49] [50] 53 In particular, a path integral Monte Carlo study has very recently been reported 53 on 4 He droplets doped with Na + , K + , Cs + , Be + and Mg + which contain between 14 and 128 4 He atoms. For all these systems, the snowball model proved to be adequate in describing the distribution of the 4 He atoms around M + . In particular, at least in the first two solvation shells, the helium density resulted in being well above the freezing density of bulk 4 He (0.0258 Å -3 ), so that some kind of solid order is invariably predicted. However, the number of surrounding helium shells (two or three), the number of 4 He atoms per shell and the degree of localization of the helium atoms within the shells proved to be sensitive to the nature of M + . The most solid-like structure is Na + (He) n , which presents three rather rigid shells of 4 He atoms, characterized, respectively, by an icosahedral, dodecahedral and icosahedral order. This reflects a rather steep Na + -He potential and a rather strong Na + -He interaction. For the other investigated M + ions, (M + = K + , Cs + , Be + , Mg + ), the M + -He interactions are, in general, weaker than Na + -He (see Tables 2 and 3 ) and, in fact, several effects were noticed which, overall, indicate less rigidity of the M + (He) n with respect to Na + (He) n and a more ambiguous definition of magic shells of 4 He atons around the cation. For example, while the number of 4 He atoms in the first shell of Na + (He) n is invariably predicted to be 12 for n = 32, 64 and 128, the number of 4 He atoms in the first shell of the other complexes slightly depends on the size of the droplet and ranges between 14 and 15 for K + (He) n and Be + (He) n and between 17 and 18 for Cs + (He) n . At variance with Na + (He) n , these numbers do not correspond to regular polyedra. In addition, in the passage from Na + to the other investigated cations, there are pronounced "exchanges" between the atoms which form the first two solvation shells. These fluctuations are particularly evident for Mg + (He) n , for which a previous study 48 had indeed suggested a liquid-like structure of the first shell around the cation. A similar conclusion was held for Ca + (He) n 48 and it has also to be mentioned that it was previously noted 96 that, in liquid He, Mg + does not form a snowball but rather a "bubble", namely a cavity surrounded by compressed, less structured and, most likely, not solidified helium. Monte Carlo calculations have also recently been reported for Pb + (He) n . 52 The first solvation shell is completed for n = 17, but the second shell resulted in being much less clearly distinguished from the first shell. As for the experimental results, M + (He) n clusters have been observed for Na + , 46 43, 44 For Na + and K + , the observed snowball progression 46 is limited to less than 11 He atoms and it is therefore not possible to make comparisons with the large-size structures investigated by the calculations. 48, 49, 53 For Rb + and Cs + , the observed clusters distribution 46 extends, instead, up to n = 41 and characteristic steps in the mass spectra indicate, in particular, the closure of the first shell around the cation at n = 14 for Rb + and at n = 16 for Cs + . These values are, therefore, low-shifted by one unit of mass with respect to the most recent theoretical prediction. 53 For Mg + , the observed complexes contain up to 150 He atoms. 44 A shell closure is observed at n = 19-20, which is up-shifted by one to two units of mass with respect to the most recent theoretical prediction. 53 For Pb + (He) n , 43, 44 the shell closure observed at n = 17 is, instead, in perfect agreement with the calculations. 52 Interesting results were also obtained from the study of Ag + (He) n . 44 The observed progression extends up to beyond n = 150 and the clear steps in the ionic distributions observed at n = 10, 12, 32 and 44 were assigned to two different snowball structures. The first has 10 He atoms in the first shell and 32 atoms in the second shell, while the second structure has its first and second closing, respectively, at n = 12 and n = 44. It was suggested that these two structures arise from Ag + ions in different electronic states. 44 It has, however, to be noted that the observed values could simply reflect different coordination modes around Ag + , without invoking different electronic states of the cation. It is interesting to note that attachment of He atoms to Ag 2 + and Ag 3 + was also observed, 44 but no evidence for shell closing was obtained. Ionic clusters built around Na 2 + and Cs 2 + were also detected in the mass spectra of Na-and Cs-doped helium nanodroplets. 46 The abundance of these Na 2 + (He) n (n ≤ 3) and Cs 2 + (He) n (n ≤ 7) is, however, one order of magnitude lower than the snowballs formed around Na + and Cs + . Previous calculations on M 2 + (He) n (M = Li, Na, K) 50 had shown that, for K 2 + , the solvent cage is asymmetric and dominated by the He-He network formation. For Li 2 + and Na 2 + , a rigid snowball structure with a regular configuration is formed within the first shell that encloses the solvated cation (n = 6), followed by more delocalized collocations of the solvation atoms for clusters beyond this size. Such additional ligands form symmetric solvent cages at the two ends of each ionic dimer. Overall, considerable progress has been made recently in the investigation of the qualitative and also quantitative aspects of the M + (He) n clusters observed in helium nanodroplets. Further work is, however, still needed to fully understand the structural and dynamic properties of these fascinating objects.
Passing from M + to M 2+ , the stability of any (formal) M 2+ (Ng) n (n ≥ 1) with respect to the loss of Ng atom(s) generally increases. This essentially reflects the dependence of the attractive polarization term of the M 2+ -Ng interaction potential on the square of the ionic charge. This effect is clearly appreciated, for example, by comparing the predicted stabilities of the group 2 complexes M 2+ •Ng (M 2+ = Be 2+ -Ra 2+ ; Ng = He-Rn), [64] [65] [66] listed in Table 5 , with the data of the corresponding M + •Ng 64-66 (see Table 3 ). The actual observation of the doubly-charged M 2+ (Ng) n complexes is, however, much more difficult than the corresponding singly-charged species. The experimental work must, in fact, contend with two facts. First, the cross sections of double ionization processes are, in general, lower than those of single ionizations. In addition, the stability of any diatomic M 2+ •Ng and, in general, of any doublycharged M 2+ (Ng) n , strongly depends, especially for Ng = Ar, Kr and Xe, on the favorable influence of kinetic factors. Thus, while the first IE of any metal atom, M, is invariably lower than the IEs of the noble gases, the second IE of M 56 is, in general, still lower than the IE of He and Ne, but higher than the IE of Ar, Kr and Xe. Therefore, when the electron transfer from Ng to M 2+ is exothermic, any formed M 2+ •Ng can actually be detected in the gas phase only if it is protected by a sufficiently high activation barrier from the spontaneous dissociation into M + and Ng + . This metastability is the result of an "avoided crossing" between an electronic state converging at large interspecies separations to dication plus neutral (M 2+ + Ng) and a purely repulsive electronic state correlating with the charge-separated asymptote (M + + Ng + ). 97, 98 The M 2+ (He) n are invariably stable with respect to the loss of He atom(s) and various M 2+ •He (M 2+ = V 2+ , Fe 2+ , Ta 2+ , Mo 2+ , Rh 2+ , Pt 2+ , Ir 2+ ) and M 2+ (He) 2 (M 2+ = Pt, W) have so far been detected by field-ion microscopy. 99 Other helide and dihelide dications have also recently been predicted by theoretical calculations. [100] [101] [102] It is of interest that largesize M 2+ (He) n with n up to tens have recently been observed from the ionization of helium nanodroplets doped with Mg, Ag and Pb. 43, 44 For Ag 2+ (He) n and Mg 2+ (He) n , the observed magic numbers were 4 and 6 and 4 and 8, respectively, 44 while the closure of a first solvation shell at n = 12 was inferred for Pb 2+ (He) n . The latter result is of particular interest, as it stresses the importance of including quantum effects to properly describe the relative stability of the cationic-doped helium snowballs. A theoretical search for conceivable Pb 2+ (He) n global minima based on electronic-structure methods 51 had, in fact, suggested the special stability of Pb 2+ (He) 15 and the conceivable existence of coordination numbers higher than those predicted for regular icosahedral structures. However, in keeping with the experiments, 43, 44 subsequent Monte Carlo calculations 52 revealed that, for Pb 2+ (He) n , the first solvation shell is closed at n = 12 and it gradually softens by additional helium atoms, which start to form a distinct second shell only at n = 16. The Pb 2+ (He) 15 is a special size only in the sense that, as with Pb 2+ (He) 12 , it is the last member of a structural or energetic motive. The argon complexes Mg 2+ (Ar) n were also so far observed, 80 and maxima of intensity at n = 4 and 6 were noticed in the mass spectra. Subsequent calculations 81 disclosed regular tetrahedral and octahedral coordinations. The second IE of Mg, 15.03 eV, 56 is indeed lower than the IE of Ar and any Mg 2+ (Ar) n is therefore predicted to be thermochemically stable with respect to the loss of Ng atoms. On the other hand, the more recently observed 103 56 and Au (20.5 eV) 103 are, in fact, definitely higher than Ar and, as disclosed by the calculations, 103 their observation is actually allowed by barriers large enough to prevent their fast decomposition. The second remarkable result from this study 103 was the high relative intensities of the M 2+ (Ar) 4 and M 2+ (Ar) 6 cations (M 2+ = Cu 2+ , Ag 2+ , Au 2+ ), theoretically shown to consist of square-planar structures of D 4h symmetry, with the additional two atoms in Jahn-Teller distorted axial sites. It is of interest that the M 2+ (Ar) 4 are the lightest congeners of the synthesized gold-xenon cation AuXe 4 2+ . 4 This is indeed a first example of the opportunities offered by gas-phase ion chemistry to observe noble-gas ionic species that are elusive or even unattainable in the condensed phases.
The above-mentioned Mg 2+ (Ar) n 80 and M 2+ (Ar) n (M 2+ = Cu 2+ , Ag 2+ , Au 2+ ) 103 were produced into cluster ion sources by laseror thermal vaporization of pure metal targets. On the other hand, the recently observed Ba 2+ •Ng (Ng = Ar, Kr, Xe) 104 were obtained by the direct addition of Ba 2+ (generated by electrospray ionization from BaCl 2 solutions) to Ng atoms in helium bufffer according to Reaction (1)
The dicoordinated Ba(Xe) 2 2+ was also observed and a weak noticed signal was also tentatively assigned as Ba 2+ •He. No Ba 2+ •Ne was detected instead. The remarkable occurrence of Reaction (1) likely reflects a second IE of Ba, 10.00 eV, 56 that is definitely lower than the IE of any Ng. It was also observed 104 that the rate of formation of the Ba 2+ •Ng and the strength of the interaction between Ba 2+ and Ng increase by increasing the polarizability of the noble gas atom. This trend is consistent with the theoretically predicted stabilities of the Ba 2+ •Ng complexes 66 (see Table 5 ). The formation of noble gas complexes with metal cations in high oxidation states (M z+ ; z ≥ 3) is typically prevented both by the difficulties of producing appreciable intensities of M z+ and by the occurrence of largely exothermic charge-transfers between M z+ and Ng. Thus, only a few helium episodes such as W(He) n 3+ (n = 2-4) were so far observed. 99 The structure and stability of the multiply-charged M z+ (Ng) n is, however, of theoretical interest. Thus, stimulated by the synthesis of AuXe 4 2+ (Sb 2 F 11 -) 2 , 4 the tetra (square-planar) and exa-coordinated (octahedral) complexes of Ar, Kr and Xe with the multiply-charged cations Ni 2+ , Zn 2+ , Pt 2+ , Au 2+ , Hg 2+ , Cr 3+ , Co 3+ , Rh 3+ , Ir 3+ , Au 3+ , Pt 4+ , Mo 6+ and W 6+ were examined. 105 For any Ng, the stability of the M z+ (Ng) n complexes (n = 4, 6), measured as the energy required for the loss of the four or six Ng atoms, increases by increasing the oxidation state of the metal and, for any metal, increases in the order Ar < Kr < Xe. The complexation energies per Ng atom typically range from nearly 65-150 kJ mol -1 to 550-750 kJ mol -1 and may arrive up to 1500-1675 kJ mol -1 for MoXe 6 6+ and WXe 6
6+
. The conclusion was reached 105 that various trivalent, tetravalent and hexavalent transition-metal complexes of xenon and krypton may be intrinsically stable.
The high stabilities of the M z+ Ng n complexes (z ≥ 2) with respect to the loss of Ng atoms could suggest a prevailing covalent contribution to the M z+ -Ng interaction. However, theoretical calculations 106 performed to explore the nature of the Au-Ng bond in the Au 2+ (Ng) 4 complexes (Ng = Ar, Kr, Xe) revealed that, even for xenon, the gold-noble gas bonding is still dominated by electrostatic interactions. The Au-Xe bond was, however, noticed to be somewhat different from the Au-Ar and Au-Kr bonds, as a higher electron transfer from gold to the Ng atoms is observed in the xenon complex.
It is of interest to close this survey of noble-gas complexes with metal cations by mentioning two very recent studies 107, 108 performed by IRPD spectroscopy on the mixed H 2 O/Ar complexes of Mn + , Mn 2+ , Sc + and Sc 2+ . They are, in fact, good examples of the application of the so-called "noble gastagging" technique, that is currently extensively used to investigate the spectroscopic properties of a variety of ionic species. 109, 110 Briefly, in this methodology, one or more Ng atoms are attached to ions which contain, for example, O-H or N-H groups. The stretching frequencies of these groups are then excited by IR photons and, when the excitation is on resonance, absorption occurs and the energy flows from the O-H or N-H stretch into other complex vibrations via intramolecular vibrational relaxation. A fraction of the excited ions then fragment by losing the Ng atom(s) and the fragment ion intensity is recorded as a function of the IR frequency. Resolved, or partially-resolved, rotational structures are also sometimes observed. Therefore, in the noble gas-tagging technique, the Ng atoms behave as "messengers", that signal the photon absorption by the core ion. In the ideal situation of totally unperturbing Ng atoms, the observed IR spectrum is virtually identical to that (otherwise unachievable or hardly achievable) of the uncomplexed ion. This condition is, however, in practice only rarely fulfilled and, even for the less polarizable Ng atoms, the simple perturbation of the symmetry of the ion can influence the spectroscopic selection rules and change its intrinsic IR spectrum. As a matter of fact, it is commonly observed that the Ng atom(s) interact with the ion and influence its IR spectrum. Therefore, the Ng-tagging technique also furnishes information on the extent and the character of cations-noble gas interaction. For example, in the above-mentioned experiments, 107,108 the M + (H 2 O)(Ar) n or M 2+ (H 2 O)(Ar) n (M = Mn, Sc; n ≤ 7) produced by a pulsed-nozzle laser vaporization cluster source are mass selected by a ToF mass spectrometer and then excited with an IR laser in the O-H stretching region. This promotes the loss of Ar atoms and the formation of fragment ions whose intensity is recorded as a function of the IR frequency. Based also on DFT calculations, the experiments revealed a clear influence of the number of Ng atoms on the absorption frequencies and furnished details about the structure and stability of the solvation shells around M + (H 2 O) and M 2+ (H 2 O). For Sc + (H 2 O)Ar, the partially resolved rotational structure showed, in particular, that the H-O-H bond angle is larger than it is in the free water molecule.
What about the interaction of noble gases with metal anions? In general, passing from cationic to anionic species, the stability of the corresponding complexes with the noble gases drastically reduces and it is not surprising that the observed complexes of Ng atoms with metal anions are considerably less numerous than those observed with metal cations. The weakness of the M -•Ng interaction is clearly appreciated, for example, by inspecting the theoretical data, listed in Table 6 , very recently computed for the complexes of Cu -, Agand Auwith He, Ne and Ar. 111 The diatomic Au -Ar had previously been observed 112 using photoelectron spectroscopy. The comparison with the spectrum of the naked Aurevealed a weak interaction between Auand Ar, quantitatively appreciated as ca. 3.8 kJ mol -1 by theoretical calculations. 112 All the Au -•Ng (Ng = Ne, Ar, Kr, Xe) were also theoretically compared 112 and the predicted Au -/Ng interaction energies were found to regularly increase from 0.6 kJ mol -1 to 9.0 kJ mol -1 passing from Au -•Ne to Au -•Xe. This trend parallels the regular increase in the polarizabilities of the Ng atoms passing from Ng = Ne to Ng = Xe (see Table 1 ). The complexes of the cluster anions Au n with Ar atoms have also been reported recently 113, 114 and the electronic photodissociation spectroscopy of Au n -•Xe (n = 7-11) has previously been investigated. 115 
Complexes with non-metal cations: stability and structural motifs
The simplest complexes of the noble gases with non-metal cations are the diatomic NgH + (Ng = He-Xe). Their dissociation channel of lower energy is the loss of H + , whose thermochemistry is measured by the PA of Ng, namely the minus enthalpy change of the reaction Ng + H + ® NgH + . The only Table 6 . Theoretical bond distances (R e ), dissociation energies (D e ), and harmonic vibrational frequencies (ω e ) of the complexes of He, Ne, and Ar with the coinage metal anions Cu -, Agand Au -(taken from Reference 111).
112

Figure 1
He exception is XeH + , whose dissociation limit of lower energy is Xe + + H (the IE of H, 13.6 eV, 72 is higher than Xe). The diatomic NgH + are quite stable in the gas phase and have been well known for a long time. 116, 117 It is of interest that recent theoretical calculations 118 predicted the somewhat unexpected existence of the dimeric ions (NgH) 2 + . These species possess the linear symmetric structures shown in Figure 1 . Similar to the other radical cations [H n E-H-H-EH n ] + (EH n = hydrides of elements of groups 15-17) investigated in the same study, 118 the (NgH) 2 + dimers must be viewed as adducts between H 2 + and two Ng atoms. The alternative description as electronbound dimers of two NgH + was discarded by energy arguments and by bonding analysis. The average dissociation energies per Ng atom derivable from the data listed in Table 7 are relatively large and arrive up to 188 kJ mol -1 for (XeH) 2 + . The stability of the Ng-H-H-Ng + cations is, however, limited by their rearrangement into the Ng---NgH 2 + isomeric structures. This process is exothermic for Ng = Xe and occurs with negligible barriers for Ng = He and Ne. It was therefore suggested to limit the experimental hunt to the argon and krypton cations. 118 However, the attempted ionization of Ng/H 2 mixtures under CI conditions 118 + and HeH (or He + H), which occurs with higher probability and whose KER is four-times larger than that of the loss of He. These experimental findings are reconciled with the predicted fragility of the ground state He-H-H-He + with respect to the loss of He atoms by assuming the formation of a metastable electronically excited He 2 H 2 + . The excess energy stored in the system as a result of the ionization event allows the rupture of the strongest H-H + bond, while the weaker He-H + remains intact. These findings stimulate further theoretical studies on the electronic structure and dynamics of the excited states of the Ng 2 H 2 + cations. The conceivable sequestration of the noble gases by H 3 + in planetary objects 120 has also recently rejuvenated the interest for the H 3 + (Ng) n complexes (Ng = He-Xe, n ≥ 1), investigated so far by experimental and theoretical methods. [121] [122] [123] [124] [125] "State-of the-art" ab initio [126] [127] [128] and DFT calculations 129 have been, in particular, performed to investigate the structure, stability and spectroscopic properties of various H 3 + (Ng) n (Ng = Ne-Xe; n = 1-5). As suggested previously, 124, 125 these complexes consist of a H 3 + ionic core surrounded by Ng atoms. Figure  1 shows, in particular, the predicted geometries 126 of the exemplary argon cations. The clusters with up to three noble gases possess planar structures, with the ligands attached to the apices of the H 3 + equilateral triangle. For Ar-H 3 + , the apex-coordination is also supported by spectroscopic measurements, 121, 122 refined until recently. 130 The fourth and the fifth Ng atoms sit, instead, in axial positions above and below the equatorial plane and H 3 + (Ar) 6 is predicted to be a regular octahedron. 125 As shown in Table 7 , the complexation energies of the singly-coordinated H 3 72 is lower than the PA of Xe (see Table 7 ). Therefore, the periodic increase in the stabilities of the H 3 + •Ng with respect to the loss of Ng reflects not only the increase in the polarizability of the noble gas (with consequent increase in the charge transfer from Ng to H 3 + ), but also the onset of covalency in the Kr-H and especially in the Xe-H interaction. It is also of interest to note from , the positive charge is progressively more delocalized and the extent of the interaction with the Ng atom progressively reduces. This "size effect" on stability is indeed typical of other series of noble gas complexes with non-metal cations. It is finally of interest to note that, for the H 3 + (Ng) n (n ≥ 2), the most recent calculations 126, 128, 129 confirm that the binding energy of the nth atom, namely the energy change of the reaction H 3 + (Ng) n ® H 3 + (Ng) n-1 + Ng, tends to decrease by increasing n. Appreciable jumps are, in particular, predicted between n = 1 and n = 2 and between n = 3 and n = 4. These theoretical trends •Ng (kJ mol -1 ) (see also Figure 1 ).
are consistent with the decreasing values of 28.0 kJ mol -1 (n = 1), 19.1 kJ mol -1 (n = 2), 17.9 kJ mol -1 (n = 3), 10.3 kJ mol -1 (n = 4), 9.5 kJ mol -1 (n = 5), 9.1 kJ mol -1 (n = 6) and 6.5 kJ mol -1 (n = 7) measured so far for the Ar series. 123 In addition to H 2 + (He) 2 , various novel and somewhat unexpected complexes of helium atoms with non-metal cations were recently obtained from the ionization of helium nanodroplets doped with molecular species. [131] [132] [133] Before these investigations, the attachment of helium atoms to ions from dopant molecules had only rarely been observed. For example, NO + (He) n (n = 1-15) which had so far been detected by ionizing helium droplets doped with NO 134 . Even though the analysis of the data was sometimes limited by the congested character of the spectra, for most of the X + (He) n ion series it was possible to observe a stepwise drop in the ionic distribution at some magic value n*, which suggested the closure of the first solvation shell. In particular, for the monoatomic F + , Cl + , Br + and I + , the n* showed an increasing trend passing from F + to I + and ranged from nearly 10 to nearly 16-17. 132 It is of interest that, based on a simple classical model, the observed n* were employed to estimate the ionic radii of the cations as 1.80 Å (F + ), 1.98 Å (Cl + ), 2.27 Å (Br + ) and 2.63 Å (I + ). 132 The helium affinities of various X + were also estimated as the ratio of the sum of the ion yields of all ions X + (He) n (n ≥ 1) and the yield of the bare ion X + , 131 and were found to be non-linearly dependent on the number of atoms of X + . The largest values were, in particular, obtained for the atomic F + and Cl + .
The electron ionization of helium droplets doped with N 2 , O 2 , CO and NO 133 •He were invariably lower than the monomeric Z + •He, thus suggesting that the observed preferential attachment of He to the polymeric (Z) m + does not simply reflect thermochemical factors. The different behavior of the monomer and the cluster ions was, instead, explained by a more efficient cooling of the (Z) m + (He) n clusters following the initial ionization event. 133 This is, in particular, attributed to two factors, namely the evaporative loss of monomers from larger (Z) m + and a more effective channeling of excess energy into the helium matrix, most likely through the intermolecular vibrational modes of lower frequency that are available in the clusters but not in the monomers. It is also of interest to inspect the predicted geometries, shown in Figure 2 , of the dimeric (Z) 2 + He. These ions possess symmetric or nearly symmetric structures, with the He atoms at nearly equivalent distances from the two Z moieties and Z-He bond lengths that are invariably longer than the corresponding values of the monomeric Z + •He. It is of interest that the (NO) 2 + He exists in a cis and in a slightly more stable trans conformation.
The noble gas-tagging technique 109, 110 mentioned in the previous paragraph has recently been employed to investigate the IR absorptions of various non-metal cations. [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] It is first of interest to mention the "Eigen" (H 3 O + ) and the "Zundel" (H 2 O-H-OH 2 + ) cations, the two limiting forms of proton accommodation in water. The relative weight of these two ions essentially depends on the number of solvating water molecules and this stimulates considerable interest for the structure and stability of H + (H 2 O) n clusters of variable size. The Ng-tagging technique has, in particular, been employed to investigate the IR spectra of the gaseous H + (H 2 O) n (n ≥ 1) solvated by a variable number of Ng atoms (especially argon). [136] [137] [138] [139] [140] [141] Signature bands of clusters that contain up to 11 water molecules were detected and the spectra were discussed in terms of the relative contributions of the Eigen and Zundel limiting forms. In the present context, it is of interest to recall the salient information derived from these studies about the character and the extent of the interaction of Ng atoms with the hydrated proton. Thus, the IR spectra of H 5 138 The predicted structures of these ions, shown in Figure 3 , revealed a distinct tendency of the Ar atoms to attach to the spectator OH groups of H 5 O 2 + rather than to the shared proton. In the asymmetrically-solvated complexes, the shared proton resides closer to the more heavily solvated water molecule and this leads to red-shifts in the Ar-solvated stretches and to blue-shifts in the shared proton vibrations. In particular, based on the observed spectral shifts, the conclusion was reached 138 that the H 5 O 2 + (Ar) 2 isomer of lowest energy is that with two Ar atoms attached to each of the H atoms on the same water molecule. The appreciable effect of solvating Ar atoms on the IR spectra of the H + (H 2 O) n clusters is not unexpected. For example, in the simplest H 3 O + •Ar, the binding energy is as large as 21.5 kJ mol -1146 and yields substantial rearrangement of the H 3 O + ionic core. 146 It is, however, generally accepted that, even though the Ng atoms are not totally "innocent" messengers, they do not alter the intrinsic structural motif of a given H + 6 •Ar was assigned as the Zundel type isomer. 139 The IR spectra of the H + (H 2 O) 6 (Ng) 141 that, while the Ar-Kr-and Xe-mediated absorptions are mainly consistent with the Zundel isomer (theoretically predicted to be more stable than the Eigen isomer by 3.9 kJ mol -1 ), the Ne-mediated spectra are accounted for by a mixture of the two motifs. The theoretical messenger spectroscopy, recently applied to study the solvation of H + (H 2 O) n by H 2 molecules, 148 could certainly help to reveal further details on the structure and stability of the H + (H 2 O) 6 (Ng) n complexes, and, in general, to help the interpretation of the results from Ng-tagging spectroscopy. In any case, the recent investigation of the infrared spectra of the complexes of alkali metal ions with water, 142 tryptamine, 143 and crown ethers, 144 also revealed the Ar-induced trapping of the high-energy conformers of some of the investigated ionic species.
In the last decade, the IRPD spectroscopy has also been extensively used to investigate the complexes of the noble gases, especially helium, neon and argon, with organic cations. Extensive data have been produced by Dopfer and his co-workers in particular, who investigated systems that range from the simplest CH 3 + to larger substituted aromatic cations. The experimental results are invariably supported by ab initio or DFT calculations and detailed accounts of exemplary results had already been reported in review articles. 109, 146, 149 At variance with the above-mentioned applications of the Ng-tagging technique, [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] more emphasis is placed in these studies on the ion-ligand interactions and bonding motifs. A good recent illustrative case is the complexes of Ar with protonated benzaldehyde (BZH + ). 150 The BZH + and its argon complexes BZH + •Ar were produced by CI in a pulsed supersonic plasma expansion. The IRPD spectrum of BZH + indicated the presence of the cis and trans isomers of the oxonium ion (the former is theoretically predicted to be more stable by nearly 10 kJ mol -1 ), with no signature of the significantly less stable carbenium ions arising from ring protonation. The theoretical calculations also predicted the formation of four distinct isomeric BZH + •Ar, whose optimized structures are shown in Figure 4 Finally, it is of interest to mention here recent theoretical studies on the "inserted" noble gas-non metal cations HNgCO + , 151 and HNgYNgH + (Ng = He-Xe; Y = H, F). 152, 153 These species are the cationic counterparts of the neutral HNgY and HNgYNgH (Y = electronegative atom or group), the "cold" noblegas molecules that have attracted considerable experimental and theoretical interest over the last decade. 2, 15, 16 Figure 5 shows all the HNgCO + and HNgYNgH + that are predicted to be energy minima. These species possess linear structures, with Ng atoms formally inserted into a H-Y bond (Y = C, H, F).
The detailed analysis of charge distributions and bonding properties revealed, in particular, that the HNgCO + must be viewed as ion-dipole complexes between HNg + and CO. The HNgYNgH + are, instead, best formulated as (H-Ng + ) 2 X -(X = H, F), namely ion-dipole complexes between a central Hor Fand two covalent HNg + . This description is consistent with previous theoretical results on HXeHXeH +154,155 and closely resembles the typical formulation of the neutrals HNgY as (HNg + )Y -. 15, 16 It is of interest that the xenon cation HXeFXeH + is isoelectronic with the experimentally observed HXeOXeH. 156 As for thermochemical stability, all the HNgCO + and HNgYNgH + , in general, reside in high-energy regions of the corresponding potential energy surfaces and are less stable than decomposition channels that involve the formation of highly stable ionic and neutral products such as HCO + , H 2 and HF. However, especially for the HNgCO + and HNgFNgH + cations that contain Ar, Kr and Xe, these decompositions pass through transition structures of relatively high energy and, overall, these ions are predicted to be metastable and, in principle, observable under suitable experimental conditions. [151] [152] [153] On the other hand, only HXeHXeH + resulted in being metastable, 152, 154 while both HArHArH + and HKrHKrH + were, overall, predicted to be unstable even at the lowest temperatures. 152 It is also of interest to note that the HNgHNgH + cations (Ng = Ar, Kr, Xe) are considerably less stable than H 3 + (Ng) 2 isomeric clusters such as those shown in Figure 1 . They are, therefore, not expected to play a role in the sequestration of noble gases by H 3 + in protoplanetary objects. 120 
Complexes with non-metal anions: searching for covalent structures
The complexes of the noble gases with non-metal anions (indicated here as X -) typically consist of weakly-bound van der Waals adducts. The interaction of Xwith Ng atoms does not, in fact, produce an effective overlap of the electronic distributions. Rather, the X -/Ng potential wells are essentially dominated by charge-induced dipole interactions and, even for the most polarizable krypton and xenon, these long-range forces are generally weak. Therefore, the anionic complexes of the noble gases, typically, feature long bond distances and low dissociation energies. This fragility is clearly appreciated, for example, by examining the properties of the diatomic X -•Ng (X -= F -, Cl -, Br -, I -, O -, S -), also extensively investigated with unceasing interest in the last decade. [157] [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] [174] The accurate theoretical data recently reported for the halide complexes are listed in Table 8 .
Even for the most stable F -•Xe (apart from the hardly accessible F -•Rn), the bond distance is nearly 3.0 Å long and the dissociation energy is lower than 30 kJ mol -1 . In comparison, this value is only twice that of the dissociation energies of Fr + •Xe and Ra + •Xe, which are the least stable among the alkali-and alkaline-earth cations/noble gas complexes [59] [60] [61] [62] [63] [64] [65] [66] (see Tables 2  and 3 ). It is also evident from Table 8 that, for any X -, the dissociation energies of the complexes periodically decrease passing from Xe to the lightest congeners and one notes, in particular, the remarkably low stability of the X -•He and X -•Ne. Comparably low stabilities are also predicted for the helium and neon complexes of O -, 167, 168 and S -. 173, 174 Consistently, using conventional cluster-ion sources, only anionic clusters of Ar, Kr and Xe are observed and these systems have already been extensively investigated by various spectroscopic and theoretical methods (see for example, . It is of interest that working at the exceptionally low temperatures of the helium droplets, it has recently been possible to observe the attachment of He atoms to a variety of anionic species. 132, [192] [193] [194] [195] The simplest X -(He) n clusters (X -= F -, Cl -, Br -) with n up to 25 were detected by ionizing helium droplets doped with SF 6 , CCl 4 and C 6 H 5 Br. 132 As with their cationic analogs, X + (He) n , reported in the same study 132 and discussed in a previous paragraph, each ion series X -(He) n exhibits a stepwise drop in the ionic distribution at some magic value n*, which suggests the closure of the first solvation shell. The n* are invariably larger than those obtained for the corresponding cations and derived, in particular, as 18.3 ± 0.9 for F -, 19.5 ± 0.2 for Cland 22.0 ± 0.2 for Br -. These values were employed to estimate the ionic radii of the anions as 3.07 Å (F -), 3.14 Å (Cl -) and 3.46 Å (Br -). While these estimates are, on average, nearly a factor of two larger than those derived from alkali halide crystals, 196 they are instead consistent with other experimental and theoretical estimates of the radii of the halide anions in superfluid helium. [197] [198] [199] Variational and diffusion Monte Carlo calculations have also been employed to determine radial density profiles and solvent evaporation energies for X -(He) n (X -= F -, Cl -, Br -, I -) with n up to 40 (41 for I -). 199 While the X -•He interactions are generally weak (see Table  8 ), they are still large enough to cause solvation. This is in contrast, for example, to H -, which is even more weakly bound to He 200 and remains outside the helium cluster. 201 Around the halide anions, the solvent forms a very delocalized layer, with permanence of the liquid-like quantum features of the solvent atoms surrounding the anionic impurities. This is in contrast to the more structured, solid-like behavior of the quantum solutions with metal cations embedded in He droplets. [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] Overall, in superfluid helium, the halogen anions are best viewed as remaining solvated within liquid-like solvent bubbles, the size of which is dependent on the embedded species. In particular, the theoretical results by Coccia et al. 199 were extrapolated by Ferreira da Silva et al. 132 so to estimate the size of the cavities as 2.7 Å (F -), 3.3 Å (Cl -) and 3.5 Å (Br -). For Fand Cl -, values of 2.67 Å and 3.02 Å, respectively, were previously obtained from ion mobilities in superfluid bulk helium. 197, 198 Helium atoms also attach to the anionic clusters of water, 192 acetic acid, 193 and formamide. 194 Even more interesting is the observation of helium attachment to the anionic clusters of glycine (Gly), alanine (Ala) and serine (Ser). 195 (He) n with n up to at least 18. Helium clusters were also seen with the dehydrogenated dimer anion (Gly 2 -H)but, compared with Gly 2 -(He) n , the intensities of these complexes are lower than the intensity ratio of the bare (Gly 2 -H)and Gly 2 -. This was taken 195 as an indication of substantial differences in the electronic structures of the two anions, with Gly 2 offering a more attractive binding environment for He atoms. It is of interest that the Gly 2 -(He) n clusters show a very prominent magic number at n = 8 and there is also an indication of a shell closure at n = 16. Helium atoms were also seen attached to Ala 2 -, (Ala 2 -H)and Ser 2 -, but, when compared to the systems comprising Gly 2 and (Gly 2 -H) -, these complexes are considerably less intense than the He-free parent anions. It is of interest that no addition of He atoms was observed to the monomer anions Gly -, Alaand Serand only (Gly-H)showed a very little tendency to complexation. These experimental findings invite theoretical work to throw light on the detailed aspects of the interaction of helium atoms with polyatomic anionic species.
The overall fragility of the complexes of the noble gases with gaseous anionic species stimulates questions concerning the conceivable existence in the gas phase of more compact covalent structures. An example of this is XeF 3 -, which has so far been detected in the negative ion mass spectrum of XeF 2 , 202 recently obtained in the gas phase from the direct association of Fto XeF 2 . 203 XeF 3 and also recently been detected in solution as the intermediate involved in the fluoride exchange reaction of XeF 2 . 204 Based on energy-resolved CID experiments, the fluoride ion affinity of XeF 2 was measured as 0.84 ± 0.06 eV (81.1 ± 5.8 kJ mol -1 ). 203 This value is certainly higher than the dissociation energy of F -•Xe (see Table 8 ) and suggests a tighter interaction between xenon and fluorine. Theoretical calculations confirmed, in fact, 203, 204 that XeF 3 is best described as a complex between Fand XeF 2 , with a F ----XeF 2 bond distance of 2.4 Å and a weak covalent ionneutral interaction. This species is, however, definitely less stable and structurally less compact than the xenon covalent anions observed in the condensed phase. 14, [205] [206] [207] [208] [209] The pentacoordinated XeF 5 -, in particular, is a covalent species of D 5h symmetry, with short Xe-F distances of 2.012 Å. 205 Consistently, the Faffinity of XeF 4 is theoretically estimated to be as large as 247.3 kJ mol -1 . 209 In any case, the observation of the borderline species, XeF 3 -, encourages the experimental search of novel covalent xenon anions that are stable in the gas phase. Two recent theoretical candidates are the NXeO 2 and NXeO 3 shown in Figure 6 . 210 These two species were characterized as true minima on the singlet surface and the best estimates of their atomization energies were nearly 200 kJ mol -1 and 400 kJ mol -1 , respectively. In addition, even though they resulted in being thermo chemically unstable with respect to various dissociation channels, the barriers of these unimolecular dissociations were estimated to be at least 170 kJ mol -1 . These values are, indeed, large enough to support the prediction that both NXeO 2 and NXeO 3 could exist as metastable (kinetically stable) species. The most interesting structural feature of the two anions is the Xe-N bond distance, predicted to be only 1.8 Å. As discussed in the subsequent paragraph, the lengths of single Xe-N bonds typically range around 2.0-2.1 Å. Also taking into account the calculated Lewis structures, the Xe-N interactions of NXeO 2 and NXeO 3 were tentatively assigned as triple bonds. 210 The NArO 3 and NKrO 3 were also predicted to reside in potential energy wells, but they both resulted in being less stable (especially NArO 3 -) than NXeO 3 -. 210 The metastability of NArO 3 was actually anticipated nearly ten years ago 211 and the conceivable existence of the fully planar NArN 2 was also noticed. 211 As shown in Figure 6 This family of theoretical species has, more recently, been expanded to include the discovery of covalently-bound anions containing helium and neon. [212] [213] [214] [215] [216] [217] [218] These species are shown in Figure 6 . The first investigated systems were the linear FNgO -(Ng = He, Ar, Kr), 212 located as deep-energy minima on the singlet potential energy surface. These anions are thermochemically stable with respect to the dissociation limit F -+ Ng + O( 1 D) and protected by high-energy barriers with respect to the exothermic decomposition into FOand Ng. The dissociation of FKrOinto F -+ Kr + O( 3 P) is also endothermic, but the corresponding dissociations of FHeOand FArOare exothermic. However, for both these species, the energies required to cross from the singlet FNgO -(Ng = He, Ar) to the triplet dissociation limit are large enough (30-45 kJ mol -1 ) 216 to support the prediction that they can exist as metastable species. It is of particular interest to note that the singlet FNgOpossess rather short F-Ng and Ng-O bond distances (see Figure 6 ). This finding is highly surprising, if one thinks of the fragility of the diatomic F -•Ng (see Table 8 ) and to the fact that the diatomic NgO (Ng = He, Ar, Kr) are unbound or only marginally bound. The tight compactness of the FNgOindeed reflects a novel and somewhat unexpected structural motif, namely the ability of Fto induce the formation of intrinsically unstable NgO bonds and the subsequent formation of an ion-dipole complex, best described by the resonance form F ----(Ng-O). Detailed analyses of charge distributions and bonding properties revealed that, 212,217 even for FHeO -, the Ng-O bond is covalent and polar, while the F ----Ng interaction is essentially electrostatic. The discovery of the metastable FNgOstimulated further theoretical work on various related anionic species. [213] [214] [215] [216] [217] [218] Based on the speculation that a single fluoride ion could induce the simultaneous formation of more than one Ng-O bond, the poly-coordinated anions, F -(NgO) n (Ng = He, Ar, Kr; n = 1-6), were theoretically explored 213 and highly-symmetric structures such as the exemplary argon anions shown in Figure 6 were actually located as true energy minima for any Ng. It is of interest that even though the overall stability of these complexes tends to decrease by increasing the number of coordinated NgO groups, these large-size anions essentially retain the compactness of the simplest FNgO -. The conceivable existence of the group XVI-congeners, FNgX -, was also theoretically investigated (Ng = He-Xe; X = S, Se). [214] [215] [216] With the exception of FNeX -(X = S, Se), these anions were invariably characterized as true energy minima, even though the energy barriers and crossing points that protect them from the exotermic decomposition into FX -+ Ng and F -+ Ng + X( 3 P) periodically decrease from FNgOto FNgSe -. Thus, all the sulphur anions FNgS -(Ng = He, Ar, Kr, Xe) were predicted to be metastable, but only FKrSeand FXeSeresulted in being kinetically stable. These species are indeed interesting examples of molecular species with Ng-S and Ng-Se bonds. Stimulated by the idea that the fluoride anion could stabilize elusive complexes of the noble gases with polyatomic species, noble gas anions with the general formula FNgBN -(Ng = He-Xe) were theoretically explored 218 (see Figure 6 ). All these species, including FNeBN -(one of the few predicted molecular species containing neon), were located as true minima on the singlet surface and found to be thermodynamically stable with respect to the loss of F, F -, BN and BN -. These anions are unstable with respect to Ng + FBNbut, at least for Ng = Ar, Kr, Xe, the involved energy barriers are high enough to suggest their conceivable metastability. As with the FNgX -(X = O, S, Se), the compactness of the FNgBNarises from the strong Fstabilization of the intrinsically unstable NgBN. The character of the boron-noble gas bond passes from purely ionic for FHeBNand FNeBNto covalent for FXeBN -. 218 The ability of anions other than Fto stabilize noble gas elusive molecules was also investigated by exploring the stability of ClHeOand HOHeO -. 217 At the highest levels of theory, only the former species turned out to be a local minimum, even though the He-O bond of Cl ----(HeO) resulted in being much weaker than its lighter homologue F ----(HeO). In conclusion, the theoretical calculations highlight the fact that, in the presence of suitable anionic species (for example, F -), it is possible to enhance the stability of intrinsically unstable chemical bonds involving Ng atoms, up to the formation of covalent species. Searching for suitable conditions for their observation is a challenge for the experiment.
Gas-phase reactions involving noble-gas ions
The species recalled in the previous paragraphs illustrate the ability of the noble gases to behave as ligands of ionic species. In the last decade, mass spectrometric techniques and theoretical calculations have also been extensively employed to explore gas-phase reactions involving noblegas ions, especially cations. Surveyed here is, in particular, a group of ionic processes involving singly-charged xenon cations [219] [220] [221] [222] [223] [224] [225] [226] [227] [228] [229] [230] [231] [232] and a series of bond-forming reactions involving doubly-charged cations. [233] [234] [235] [236] [237] [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] The implications of these findings for the chemistry of certain xenon compounds observed in the condensed phases are also briefly examined.
Formation and reactivity of singly-charged xenon cations
Xenon difluoride (XeF 2 ) is of special interest in xenon chemistry, as it is extensively employed to synthesize a large variety of xenon compounds. 10 The most relevant chemical property of XeF 2 is its Lewis basicity. In particular, when reacted with strong Lewis acids such as AsF 5 , SbF 5 and BiF 5 , it behaves as a fluoride ion donor, forming XeF + and Xe 2 F 3 + , which are, in turn, precursors of numerous other xenon compounds. 10 When reacted with weak or moderate Lewis acids, XeF 2 still behaves as a fluorine base, but without "complete" transfer of F -. This occurs, for example, with various metal cations and with neutral molecules such as WOF 4 and MoOF 4 . 10 In any case, both the salt-like and the fluorine-bridged formulations of these Xe(II) species show that XeF + is a Lewis acid of significant strength. 10 These considerations stimulate interest for the gas-phase reactivity of XeF + , which was investigated in a series of strictly related experimental and theoretical studies. [219] [220] [221] [222] [223] [224] The cation was generated from the EI of XeF 2
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(at variance with other xenon compounds, xenon difluoride is quite stable and sublimes easily, even at room temperature, without decomposition) and produces Xe + , XeF + and XeF 2 + . It is of interest that, at the relatively high pressures typical of the CI sources, the spectrum of neat XeF 2 also includes the secondary ions Xe 2 F + , Xe 2 F 2 + and Xe 2 F 3 + . 219 The reactions of XeF + with various nucleophiles (Nu's) and other related ionic processes, were subsequently investigated by TQ, FT-ICR and CI mass spectrometry and the connectivities of the observed products and reaction intermediates were assayed by MIKE and CAD spectrometry. The experimental results were invariably supported by ab initio or DFT theoretical calculations. The observed processes are summarized in Table 9 .
In general, the reaction of XeF + with a given Nu can proceed by three paths, namely (i) an addition process, followed by the elimination of a fluorinated molecule (for example, HF), (ii) a formal transfer of Xe + , with the formation of NuXe + 6 ], Xe and O 2 . This is a further illustrative case of the actual possibility of employing the isolated conditions of the gas phase to stabilize noble-gas ionic species, which are short-lived or even unattainable in the condensed phase. The XeNO 2 + cation was also generated in the gas phase 219 220 as the O-protonated isomer of methyl hypofluorite. The observed formation of XeH + (and presumably CH 2 O and HF) from the reaction between XeF + and CH 3 OH was also theoretically predicted to be largely exothermic.
The only product observed from the reaction between XeF + and C 2 H 4 221 was C 2 H 4 Xe + , experimentally and theoretically characterized as a bridged symmetric structure, with two identical C-Xe distances of 3.207 Å. Strong evidence was also obtained for the intermediacy in this reaction of a C 2 H 4 XeF + addition product. This ion, not detected from the direct addition of XeF + to C 2 H 4 was, however, obtained 221 from the reaction between Xe 2 F + or XeF 2 + and C 2 H 4 . The CAD spectrum of C 2 H 4 XeF + showed the XeF + and C 2 H 4 Xe + fragments and was suggestive of a Xe-F group linked to C 2 H 4 . The calculations disclosed, in particular, a cyclic complex, in which XeF + is bound to the p system through the Xe atom. These findings provided a mechanistic link between the gas-phase results and the reactions of unsaturated compounds with XeF + salts, utilized in solution as stereoselective fluorinating agents. 250 As with the reaction with CH 3 OH, the reactions of XeF + with C 2 H 2 222 and CH 3 CN 223 produced both the Xe + -and F + -transfer products. It was shown, in particular, that the addition of XeF + to these p nucleophiles leads to the Xe-coordinated complexes [FXe-C 2 H 2 ] + and H 3 C-CN-XeF + and to the F-coordinated complexes [XeF-C 2 H 2 ] + and H 3 C-CN-FXe + that, in turn, decompose into C 2 H 2 Xe + and H 3 C-CNXe + and C 2 H 2 F + and H 3 C-CNF + , respectively. The fluorinated products were, in particular, assigned as H 2 C=CF + and H 3 C-CNF + . The structure of C 2 H 2 Xe + was not explored in further detail, but it is probably analogous to the bridged symmetric isomer of C 2 H 4 Xe + . 221 Due to the similarity of the IE of C 2 H 2 , 11.4 eV 72 and Xe (see Table 1 ), the stability of C 2 H 2 Xe + was attributed to the formation of two resonant structures (C 2 H 2 + -Xe and C 2 H 2 -Xe + ), stabilized by chargeexchange coupling. It is of interest to note here that C 2 H 2 Xe + ions were also so far detected from ionized mixtures of Xe Table 9 . Ionic processes occurring in gaseous mixtures of XeF 2 and nucleophilic species (Nu) as observed by TQ, CI, and FT-ICR mass spectrometry. The unimolecular decompositions of the reaction intermediates (in square brackets) were assayed by CAD or MIKE spectrometry. and C 2 H 2 32,34 and subsequently observed by ligand-exchange between Xe 2 + and C 2 H 2 . 251 As for H 3 C-CNXe + , its connectivity was assigned as H 3 C-C-N-Xe + . 223 Other examples of recently investigated gaseous Xe-N cations will be discussed below.
A formal transfer of F + was observed from the reaction between XeF + and Cl 2 . 224 The Cl 2 F + product has an asymmetric bent structure Cl-Cl-F + ( 1 A 1 ), that is more stable than the symmetric Cl-F-Cl + isomer by more than 167 kJ mol -1 . The Cl 3 + cation was also investigated and the comparison of the Cl + and F + binding energies to simple halogenated molecules showed an excellent linear correlation, which was not, however, the case when the comparison was extended to the PAs. Finally, it is of interest to note the formation of XeCl + from the reaction between Cl 2 F + and Xe. 224 This cation has, in fact, also been observed in the solid state as a salt of Sb 2 F 11 -. 252 The XeF + (Nu) intermediates involved in the above-mentioned reactions are exemplary cases of adducts of XeF + with Lewis bases. Numerous other XeF + (Nu) complexes have also been obtained by flowing afterglow mass spectrometry. 227 These adducts were formed by termolecular addition of XeF + to Nu in the flow reactor, as well as by ligand exchange reactions.
A key species in this regard is the water complex, XeF + (H 2 O), attainable from the ionization of XeF 2 in the presence of a small amount of air or water vapor which are able to undergo ligand exchange with a wide variety of bases, including ethers, alcohols, carbonyls, aromatic compounds, nitriles and sulfurcontaining molecules. The sampled compounds were nucleophiles stronger than H 2 O and their PA was invariably higher than the PA of H 2 O (691.0 kJ mol -1 72 ). Bases weaker than water do not react with XeF + (H 2 O), but can still form complexes with XeF + by termolecular addition. It was thus possible to observe the adducts of XeF + with CO, N 2 O, CH 4 and CO 2 . Even though the observed XeF + (Nu) were partly characterized by structurally-diagnostic mass spectrometric experiments, 227 further work is still needed to unravel their detailed structure and stability.
As mentioned above, under CI conditions, the ionization of XeF 2 produces the secondary ions, Xe 2 F + , Xe 2 F 2 + and Xe 2 F 3 + . 219 The latter cation, in particular, has been observed as a salt of AsF 6 since the late 1960s. 253 Spectroscopic methods revealed a F-Xe-F-Xe-F + connectivity, slightly bent at the central F atom. Theoretical calculations predict instead a perfectly linear structure, 254, 255 and the deviation from linearity in the crystal is ascribed to the presence of the counterion. It is of interest that the results of structurally-diagnostic mass spectrometric experiments revealed 225 that, while the fragmentation pattern of the gaseous Xe 2 F 3 + is not inconsistent with the F-Xe-F-Xe-F + connectivity, at least a fraction of the sampled ions is identified as an asymmetric species, structurally assigned as F-Xe-XeF 2
The H 3 C-CN-XeF + adduct observed from the addition of XeF + to CH 3 CN 223 is reminiscent of a large group of Xe-N cations, observed in the solid or liquid phase, that arise from the interaction of XeF + with Lewis nitrogen bases such as hydrogen cyanide, alkylnitriles, pentafluorobenzenenitrile, perfluoroalkylnitriles, perfluoropyridines and s-trifluoro-triazine. 256, 257 In these complexes, the xenon-nitrogen interaction is relatively tight and the observed Xe-N distances range around 2.2-2.3 Å. A second group of condensed-phase Xe-N cations includes (FO 2 S) 2 NXe + , 258,259 F 5 SN(H)Xe + , 257,260 F 5 TeN(H)Xe + , 261 and F 4 S=NXe + . 257, 262, 263 These species can be regarded as a Xe atom that interacts with the nitrenium ions (FO 2 S) 2 N + , F 5 SN(H) + , F 5 TeN(H) + and F 4 S=N + and are invariably characterized by covalent Xe-N bonds, with short distances of nearly 2.0-2.1 Å. Very recently, 231 the xenon-difluoronitrenium cation F 2 N-Xe + was obtained in the gas phase from Reaction (2)
observed by IT-MS. Based on theoretical results, the ionic product was unambiguously assigned as F 2 N-Xe + . Assuming the formation of this isomer, Reaction (2) is, in fact, exothermic by 17.6 kJ mol -1 . On the other hand, assuming the formation of the alternative Xe-inserted isomer, F-N-Xe-F + , that is theoretically predicted to be less stable than F 2 N-Xe + by 340.2 kJ mol -1 , Reaction (2) results in being prohibitively endoergic to be observed by IT-MS. According to the theoretical calculations, F 2 N-Xe + is a weak electrostatic complex between NF 2 + and Xe, with a Xe-N bond length of 2.4-2.5 Å and a dissociation enthalpy into its constituting fragments of 63 kJ mol -1 . The Xe-N distance of F 2 N-Xe + is, however, shorter than the Xe---N contacts in the "solvated" cations C 6 F 5 Xe + ---NºCCH 3 264 and C 6 F 5 Xe + ---NC 5 H 3 F 2 , 265 measured as 2.6-2.7 Å in solid salts with different anions. Overall, F 2 N-Xe + appears as a peculiar case of borderline species, stable enough to be detected under the isolated conditions of the gas phase. In this regard, it is of interest to note that the N 2 F 4 and Xe products observed so far from the reaction between XeF 2 and HNF 2 were ascribed to the formation of F 2 NXeF, 266 even though neither this intermediate nor other related ionic species could be detected, even at lower temperatures.
Equation (2) describes the nucleophilic displacement of HF from the F-protonated isomer of NF 3 by Xe. A process like this was first reported by Holtz and Beauchamp, 267 who observed Reaction (3)
Minor Ng-C cations (Ng = Ar, Kr, Xe) had previously been detected from ionized mixtures of Ng and hydrocarbons, 32, 33, 35, 268, 269 and these studies anticipated the synthesis of the first Xe-C compounds, obtained in 1989 in the form of derivatives of the perfluorophenylxenon(II) cation C 6 F 5 Xe + . [270] [271] [272] Numerous xenon-carbon compounds were subsequently reported, 12, 273 and molecules with Kr-C bonds were recently detected in cold matrices. 2, 16 Under the isolated conditions of the gas phase, it was also possible to obtain cationic species with Ng-Si (Ng = Ar, Kr, Xe), 228, 229 and Xe-Ge bonds. 230 Their forming reactions are strictly analogous to those described by Equations (2) and (3) . The trifluorosylilxenon cation F 3 Si-Xe + was first detected 228 from the reaction between SiF 4 H + and Xe, observed by low-pressure FT-ICR mass spectrometry:
In a subsequent study performed under the higher pressure conditions of a SIFT mass spectromer, 229 the F 3 SiXe + ions were prepared from the direct addition of SiF 3 + to Xe and the Ar and Kr homologous F 3 SiAr + and F 3 SiKr + could also be observed. It is of interest that the multi-CID experiments performed to probe the connectivities of F 3 SiXe + and F 3 SiKr + revealed not only the expected formation of the F 3 Si-Xe + and F 3 Si-Kr + isomers, but also the remarkable and somewhat surprising formation of additional isomers, detected at elevated collision energies. Based on the results of theoretical calculations, these high-energy structures were, in particular, assigned as the "inserted" isomers F 2 Si-Ng-F + and/or F-Ng-F-SiF + (Ng = Kr, Xe). These ions are less stable than the corresponding F 3 Si-Ng + by hundreds of kilojoules per mol. However, highenergy collisions allow the insertion of Ng atoms into SiF 3 + , with formation of F 2 Si-Ng-F + and/or the bond redisposition, with formation of F-Ng-F-SiF + . Only the low-energy isomer F 3 Si-Ar + was instead detected from the addition of SiF 3 + to Ar. The addition of Xe to CF 3 + was also explored, 229 but no F 3 CXe + was detected. This is consistent with the fact that the Lewis acidity of CF 3 + is considerably lower than SiF 3 + . 274 It is, however, of interest to note here that, while Si + , SiH + and SiH 2 + are totally unreactive toward Ar, Kr and Xe, 229 XeCF + and XeCF 2 + cations could be observed by collisions of Xe + with fluorinated selfassembled monolayer surfaces. [275] [276] [277] The gas-phase reactions of GeF 3 + and GeF 4 H + , recently investigated by IT-MS and theoretical calculations, 230, 278 showed numerous similarities with those observed previously for SiF 3 + and SiF 4 H + . In particular, as with SiF 4 H + , GeF 4 H + reacts with Xe 230 and undergoes the ligand displacement reaction described by Equation (5):
Based on theoretical calculations, the ionic product was unambiguously assigned as the trifluorogermylxenon cation F 3 Ge-Xe + . In fact, this isomer resulted in being more stable than the Xe-inserted isomer F 2 Ge-Xe-F + and the bond-redisposed isomer FGe-F-Xe-F + by 392.5 kJ mol -1 and 340.2 kJ mol -1 , respectively. Assuming the formation of F 3 Ge-Xe + , reaction (5) is, in particular, predicted to be endothermic and endoergic by 17.6 kJ mol -1 and 15.5 kJ mol -1 , respectively, and such a slightly endoergic processes can actually be observed under IT-MS conditions. It is of interest that the theoretical calculations revealed that the Ge-Xe bonding of F 3 Ge-Xe + has a somewhat peculiar mixed ionic-covalent-induction character, where one picture may overlap with another. The Ge-Xe bond distance, predicted as 2.615 Å, is only about 0.1 Å longer than the sum of the single-bond covalent radii 279 of Ge, 1.21 Å and Xe, 1.31 Å and the analysis of the atomic charges indicated a positive charge of 0.394 e on the Xe atom. This arises from induction effects by the Ge atom, whose atomic charge reduces from 2.638 e to 2.358 e passing from GeF 3 + to F 3 Ge-Xe + . The fluorine charge of the F atoms remains, instead, essentially unchanged (-0.546 e in GeF 3 + and -0.584 e in F 3 Ge-Xe + ). In addition, the study of the topology of the electron density on the Ge-Xe bond of F 3 Ge-Xe + furnished values, that are at the overlap between a closedshell (ionic) and a covalent interaction. Finally, it is of interest to recall here the boron cations F 2 BNg + (Ng = Ar, Kr, Xe). 226, 280 The F 2 BAr + was experimentally detected in the CI spectrum of a BF 3 /Ar mixture, 226 but its structure, stability and bonding nature were not investigated in further detail. According to very recent theoretical calculations, 280 this cation is assigned as the planar F 2 B-Ar + of C 2n symmetry, the only minimum identified on the (F 2 ,B,Ar) + potential energy surface. On the other hand, for both (F 2 ,B,Kr) + and (F 2 ,B,Xe) + , the calculations disclosed two distinct isomers, namely the F 2 B-Kr + 
Bond-forming reactions involving doublycharged cations: moving up the threshold of reactivity
The reactions between molecular dications (indicated here as XY 2+ ; X, Y = atom or polyatomic group) and Ng atoms usually proceed by ET, with formation of XY + and Ng + , DET, with formation of, for example, X + , Y and Ng + and CID, with formation of X + , Y + and Ng, or, for example, X 2+ , Y and Ng. 97,98 However, in certain circumstances, it is also possible to observe the fixation of Ng atoms according to reactions such as those described by Equations (6)- (8):
XY 2+ + Ng ® YNg 2+ + X
XY 2+ + Ng ® YNg + + X + (8) These processes normally compete with ET or DET and the model proposed to rationalize this competition 97, 235, 282, 283 is schematized in Figure 8 . The left-hand side of the diagram shows that, in order for the XY 2+ and Ng reactants to achieve the intimate contact they require to form new chemical bonds, the XY 2+ /Ng encounter complex must first overcome the curve-crossing in the entrance channel that leads to ET and eventually to DET (point 1). According to the Landau-Zener theory, 97,284,285 the ET occurs when the crossing between the reactants and products potential energy surfaces fall at internuclear distances between 2 Å and 6 Å (the so-called "reaction window"). Assuming that the XY 2+ -Ng encounter complex overcomes point 1, the formed XYNg 2+ adduct could be trapped as it is [Equation (6)], or dissociate into, for example, YNg 2+ and X [Equation (7) ]. The latter process essentially describes the nucleophilic displacement of X by Ng from XY 2+ . Alternatively, XYNg 2+ could pass through the curve-crossing point 2 and undergo the formation of, for example, YNg + and X + according to Equation (8) .
A first example of fixation of Ng atoms by molecular dications was reported in 1994 by Price et al., 233 who noticed the minor (less than 1% of the ion yield) but well detected formation of XeF + or XeO + from the reactions of Xe atoms with CF n 2+ (n = 2, 3), SF n 2+ (n = 2-4) and CO 2 2+ , at laboratory-frame collision energies between 30 eV and 50 eV. The formation of ArC 2+ from the reaction between CO 2+ and Ar was subsequently reported, 234 and this reaction was a first example of the formation of a chemical bond in a process that involves doubly-charged cations both as reactants and products. It was, however, only in the last few years that reactions such as those described by Equations (6)-(8) have clearly emerged. [235] [236] [237] [238] [239] [240] [241] [242] [243] For certain observed processes, it was particularly important to sample collision events at very low collision energies. Theoretical calculations have also been extensively performed in conjunction with the experiments. A list of observed reactions is given in Table 10 .
The hydrogen-containing dications, CHX 2+ (X = F, Cl, Br, I), formed by dissociative EI of the respective methyl halide precursor molecules, react with Ng atoms (Ng = Ne, Ar, Kr, Xe) 236, 237 and undergo the competitive occurrence of PT, with formation of NgH + and CX + and ET, with formation of CHX + and Ng + . The competition between these two channels was, in particular, investigated by measuring the branching ratios between NgH + and Ng +237 and it was possible to deduce the following general trends. When the ET between the dication and the Ng atom is endothermic, or exothermic by less than 2 eV (outside the Landau-Zener reaction window), PT represents the main route of reaction. As soon as the exothermicity of ET exceeds 2 eV, the latter channel predominates and PT is suppressed, disregarding its actual exothermicity. In practice, with the exception of CHF 2+ that is unreactive toward Ne 238 By far the most noticeable products detected from these reactions were, however, the noble-gas carbene cations, NgCH 2 + (Ng = Ar, Kr, Xe), and the formation of ArCH 2 + was, in particular, investigated by DFT calculations. 238 This product was found to arise from the singlet ground state ylide, CH 2 BrH 2+ (the most stable [C,H 3 ,Br] 2+ isomer), in an overall exothermic process. The mechanism involves a Ar-CH 2 BrH 2+ encounter complex, with argon coordinated to carbon, from which the loss of HBr + concomitant with charge separation leads to ArCH 2 + with an overall exothermicity of 210.3 kJ mol -1 . The energy released is significantly larger than the energy of the Ar-C bond in the product, D(Ar-CH 2 + ) = 81.0 kJ mol -1 . Accordingly, the consecutive fragmentation into Ar + CH 2 + is energetically feasible and it is most probably responsible for the low yield of the bondforming product ArCH 2 + .
Bond-forming reactions were also observed from collisions with Ng atoms of dications obtained from the EI of unsaturated and aromatic molecules. [239] [240] [241] The C 2 H 2 2+ produced from acetylene react with all the noble gases with the exception of He and undergo PT, ET and DET. 239 The most noticeable observation was, however, the formation of HCCAr 2+ and HCCKr 2+ from the reactions with Ar and Kr. It is of interest that these experimental findings confirmed previous theoretical predictions about the stabilities of noble-gas acetylides. 286 In particular, the formation of HCCAr 2+ from C 2 H 2 2+ and Ar was investigated in detail. The experiments revealed that this process is endothermic and, based on measurements of the reactivity of the monodeuterated dication C 2 HD 2+ , it was possible to derive a kinetic isotope effect of 1.7 ± 0.1 in favor of losing an H rather than a D moiety from the acetylenic species, i.e. DCCAr 2+ is formed preferentially. This was attributed to the larger number of accessible vibrational states at the transition state upon cleaving a C-H bond. Based on exploratory DFT calculations, the formation of HCCAr 2+ from the triplet ground state, C 2 H 2 2+ , was predicted to be endothermic and involving the intermediacy of a Ar-C 2 H 2 2+ encounter complex, with argon coordinated to carbon which, in turn, undergoes the direct elimination of a H atom. It was also observed that the reactions of mass-selected C 2 H 2 2+ with He, Ne and Xe yield no C-Ng bond-forming products. These trends of reactivity of the Ng atoms with C 2 H 2 2+ were rationalized by comparing the energetics of the ET and PT reactions with those of the bond-forming channels. The calculations revealed, in particular, 239 that the formation of HCCNg 2+ from the acetylene dication is endothermic with Ng = He, Ne, Ar and Kr and only weakly exothermic with Xe. However, for Kr and Xe, ET and PT are also largely exothermic and compete efficiently with the formation of the first encounter complexes, HCCHKr 2+ and HCCHXe 2+ . Consequently, only a minor HCCKr 2+ is detected from the reaction between HCCH 2+ and Kr and no HCCXe 2+ is observed from the reaction between HCCH 2+ and Xe.
Organoxenon dications were observed from collisions with xenon of the C 7 H n 2+ dications (n = 6-8) generated by double ionization of toluene. 240 No other noble gas was found to react with these ions and no bond-forming reactions were observed with hydrogen-depleted dications (n ≤ 5). Both C 7 H 6 2+ and C 7 H 7 2+ react with xenon and form the corresponding C 7 H 6 Xe 2+ and C 7 H 7 Xe 2+ complexes by termolecular collisional stabilization. These processes are, indeed, exemplary cases of reactions such as those described by Equation (6) . The formation of C 7 H 7 Xe 2+ is, however, only observed at elevated xenon pressures and is much less efficient than the formation of C 7 H 6 Xe 2+ . Retarding-potential analysis, reactive monitoring with synchrotron radiation and DFT calculations also consistently revealed that the formation of C 7 H 6 Xe 2+ and H 2 from C 7 H 8 2+ and Xe occurs as a slightly endothermic, direct substitution of dihydrogen by the rare gas with an expansion to a sevenmembered ring structure as the key step. The predicted most stable isomer of C 7 H 6 Xe 2+ is an adduct between the cycloheptatrienyldiene dication and xenon, whose computed binding energy of 131.2 kJ mol -1 reaches the strength of a weak covalent bond. The formation of organoxenon dications is not, however, a general feature of the dications generated by double ionization of hydrocarbons. Thus, among the various C m H n 2+ generated from benzene, cyclooctatetraene, m-xylol, ethylbenzene, propylbenzene, isopropylbenzene, mesitylene, 4-ethyltoluene and butylbenzene, 241 only the C 9 H 8 2+ and C 9 H 6 2+ from isopropylbenzene react with xenon, leading to C 9 H 8 Xe 2+ and C 9 H 6 Xe 2+ , respectively. Two dications from 4-ethyltoluene, namely C 9 H 9 2+ and C 9 H 6 2+ , also slightly react with xenon, but the relative intensities of the resulting organoxenon dications are less than 1%. On the other hand, it was observed 241 that the C 8 H n N 2+ (n = 6-10) obtained from the EI of 2,4,6-trimethylpyridine react with xenon to form C 8 H 6 NXe 2+ , C 8 H 7 NXe 2+ and C 8 H 8 NXe 2+ . Strictly analogous products were also detected from the reactions of the same C 8 H n N 2+ dications (n = 7-10) with krypton. The fixation of xenon was also observed from the collisions of Xe atoms with dications obtained from ionized N,N-dimethylaniline and 3-vinylpyridine. 241 Other mediumsized N-containing dications generated by dissociative EI of a series of nitrogen heterocycles, anilines and also benzonitrile revealed, however, to be unable to undergo such bond-forming reactions.
Remarkable bond-forming reactions were also observed from the collisions of Ng atoms, particularly Ar, of the doublycharged fluorinated cations CF 3 2+ , 242 SiF 3 2+ , 243 and SF 2+ . 235 The reactions of both CF 3 2+ and SiF 3 2+ with noble gas atoms had been the subject of previous investigations conducted at elevated collision energies. [287] [288] [289] However, under these experimental conditions, the only observed processes were ET and neutral loss. On the other hand, working at quasi-thermal collision energies, CF 3 2+ reacts with argon, 242 and forms ArCF 2 2+ , a further example of molecular species with a C-Ar bond. The overall reaction is theoretically predicted to be exothermic by 132.2 kJ mol -1 and the product is characte-rized as a bound species, with an Ar-C bond only slightly longer than a typical Ar-C s bond. Under the same experimental conditions, except for a very weak signal which might correspond to KrCF 2
2+
, none of the other noble gases undergo bond-forming reactions with CF 3 2+ . These observations were rationalized 242 by the operation of two distinct effects. For the heavier Kr and Xe, ET leading to charge separation reactions is more and more favored due to the lower IE of these atoms. The two lighter He and Ne are, instead, resistant to one-electron oxidation by CF 2 2+ , but do not have potential for formation of strong donor-acceptor complexes with CF 2 2+ . As with CF 3 2+ , at low collision energies, SiF 3 2+ reacts with Ar and forms ArSiF 2
as the major observed product channel. 243 The overall process is theoretically predicted to be exothermic by 78.2 kJ mol -1 and the structure and stability of ArSiF 2 2+ point to a covalent Ar-Si bond. Together with the F 3 Si-Ar + cation discussed in the previous paragraph, 229 ArSiF 2 2+ is a further example of a chemical species with an argon-silicon bond. Quite interestingly, small signals for the isotopes 20 NeSiF 2 2+ and 22 NeSiF 2
were also observed from the collisions of SiF 3 2+ with Ne. 243 The NeSiF 2 2+ is not only a first example of a neon-silicon compound, but also a rare example of observed molecular species containing neon. The calculations predicted that the formation of NeSiF 2 2+ from the ground states of SiF 3 2+ and Ne is endothermic by 112.9 kJ mol -1 . Therefore, it was concluded 243 that NeSiF 2 2+ is, most probably, formed from one of the excited states of the SiF 3 2+ precursor dication that are accessible from the electron ionization of SiF 4 . 290 Finally, the ArS 2+ observed from the collisions between SF 2+ and Ar 235 is a rare example of a molecular species with an Ar-S bond. According to theoretical calculations, the lowest-lying singlet and triplet states of ArS 2+ are bound and are both energetically accessible at the collision energies sampled in the experiments (between 6 eV and 14 eV in the laboratory frame).
Argon cations were also observed from the reactions between Ar 2+ and N 2 , 244 CO and CO 2 , 245 O 2 246 and NH 3 . 247 The reaction with N 2 244 leads to ArN 2+ according to Equation (9):
This process was a first reported example of production of noble-gas dications by bimolecular reactions. Its cross section was measured at relative collision energies from thermal to 20 eV (centre-of-mass reference frame) and the obtained results indicated the operation of probably different reaction mechanisms. In addition, the observation of products at collision energies lower than the reaction endothermicity (estimated as 129.3 kJ mol -1 ) suggested the possible presence of metastable Ar 2+ ( 1 D or 1 S), which are likely to be responsible for the formation of excited products. The mechanism of the observed reaction(s) was, however, not explored in further detail. It is of interest that the reaction between Ar 2+ and N 2 is the doubly-charged counterpart of the experimentally observed endothermic formation of ArN + from the reaction between Ar + and N 2 . 291 Estimates of the reaction thresholds of this process and symmetry considerations suggested that the ArN + product ion is in its first excited state, A 3 P. It is of interest that the ArN + obtained from the symmetric reaction between N 2 + and Ar was identified as the ground state, X 3 S. 291 The diatomic ArC 2+ is obtained from the reaction of Ar 2+ with both CO and CO 2 245 according to Equations (10) and (11):
Ar 2+ + CO 2 ® ArC 2+ + 2O
In spite of the metastability of ArC 2+ predicted by theory, 292,293 previous attempts to observe ArC 2+ by charge stripping of ArC + had not been successful. 294 The study of the cross section of Reaction (10) as a function of the collision energy revealed the occurrence of an exothermic reaction, that is likely to occur on the 3 S ground-state surface. As for Reaction (11) , the experiments point, instead, to an endothermic process and this rules out the conceivable alternative formation of O 2 as a reaction product. In any case, due to the most prevailing occurrence of ET processes, the cross sections of both Reactions (10) and (11) are quite small (< 0.1 Å 2 ) compared to the values typical of ion-molecule reactions.
When reacted with O 2 , 246 Ar 2+ forms ArO 2+ and ArO + according to Equations (12) and (13):
Ar 2+ + O 2 ® ArO + + O + (13) As with Reactions (10) and (11), the cross sections of these processes are, in general, much smaller than those of the competitive ET processes producing O + and O 2 + . A plot of the cross section of Reaction (12) as a function of the collision energy suggested that this process could be either exothermic or slightly endothermic. To work out this problem, accurate ab initio calculations were performed to investigate the lowlying electronic states of ArO 2+ . 246 Assuming the formation of the ground-state, 3 S -, Reaction (12) was predicted to be exothermic by 277.9 kJ mol -1 . However, the estimated lifetime of this metastable state of ArO 2+ was too short to support its conceivable detection by the employed experimental set-up. It was therefore concluded that the observed ArO 2+ were the higher-lying states, 1 D and/or 1 S + . Assuming the formation of these states, Reaction (12) resulted in being exothermic by 126.4 kJ mol -1 and 46.3 kJ mol -1 , respectively. Concerning the strongly exothermic Reaction (13), although it was ascertained to proceed at the lowest energies accessible in the experiments, an apparent threshold was observed at about 1 eV (centre-of-mass reference frame). Above this value, the cross section increased to reach a broad maximum at about 3 eV. This threshold was tentatively ascribed to the presence of an exit-channel barrier, due to the coulombic repulsion between the monocharged species. For some excited states of ArO + + O + , this barrier may be higher in energy than the reactants and, therefore, by increasing the collision energy, these excited products can become accessible and, consequently, the cross section increase.
Crossed-beam collision experiments revealed 247 that Ar 2+ and NH 3 form ArNH + and ArN + . The product ion intensity I[ArNH + ] decreased by increasing the collision energy, with a corresponding increase in the I[ArN + ] product ion intensity, indicating that ArN + is formed by dissociation of ArNH + . This sequential mechanism suggested by the experiments was confirmed by accurate ab initio calculations performed to investigate the relevant features of the potential energy surface of the reaction. The calculations disclosed, in particular, a mechanism in which, starting from the electronically excited singlet Ar 2+ ( 1 D), an ArNH 3 2+ complex is formed, with a large exothermicity of nearly 1544 kJ mol -1 . This complexation is followed by proton loss via a transition state and then loss of the two remaining hydrogen atoms in two subsequent activationless steps to give the products 3 ArN + + H + + 2H. The calculations also indicated that no bond-forming pathway exists starting from the triplet ground state Ar 2+ ( 3 P). Overall, even though the most prevailing products from the reaction between Ar 2+ and NH 3 were Ar + and NH x + (x = 0-3), the formation of ArNH + and ArN + is, in any case, remarkable, especially if one notes that the analogous reaction between Xe 2+ and NH 3 , recently investigated by guided-ion beam spectrometry, 295 
Concluding remarks
The gas-phase ion chemistry of the noble gases has recently being enriched with novel species and bonding motifs. Various research themes are, in particular, expected to attract further interest in the future. The ionic complexes ensuing from helium droplets doped with atoms and molecules are fascinating objects that certainly deserve further investigation. While considerable progress has been made in the description of helium clustering around monoatomic ions, further theoretical work is still needed to describe systems comprising larger molecular ions. The observation of helium attachment to the anionic clusters of simple amino acids stimulates, in particular, interesting questions as to the still little explored interaction of noble gas atoms with ions of biological interest. Valuable information in this regard is, in particular, expected from infrared photodissociation spectroscopy, successfully employed in recent years to explore the structure and stability of noble gas complexes with organic ions. These studies, and other recent applications of the "noble-gas tagging" technique, have also definitely demonstrated that the solvating noble gas atoms are not simple "messengers" of the spectroscopic properties of the ionic chromophore. Rather, they interact with the ionic species and, in principle, appreciably modify not only its intrinsic absorptions but also its detailed structure. Due to the widespread interest for the noble-gas tagging technique, it is expected that these issues will be further investigated by experiments and theory. Experimental work is also necessary to expand our current knowledge about the existence in the gas phase of covalent anions of the noble gases, including the lightest helium, neon and argon. Future searches in this direction could also be guided by recent theoretical predictions of a large family of such species.
Turning to gas-phase reactions involving noble gas ions, the most noticeable recent advance is certainly the observation of bond-forming reactions from the collisions between doubly-charged cations and noble gas atoms, including the lightest argon and neon. As well as allowing the formation of otherwise elusive noble gas ions, these reactions highlight the crucial role of collision energies to observe these somewhat surprising reactive events. Certain processes could, in fact, only be observed at the lowest collision energies while, at the higher collisions energies, the noble gas atoms behave as typical non-reactive targets. It will certainly be of interest to investigate this fascinating class of reactions in further detail. Novel evidence has also recently been obtained on gas-phase ion-molecule reactions involving singly-charged xenon cations. These studies are also of interest to appreciate the effects of solvent, counterions and other environmental factors on the structure, stability and reactivity of xenon cations observed in the liquid or solid-phase. Despite the variety of already observed species and reactions, the gas-phase ion chemistry of xenon compounds still remains little explored and, essentially, no information is available to date on the ion chemistry of krypton compounds. Bridging these gaps is a challenge for future experimental and theoretical work.
The Palace of the Popes. Viterbo is also known as the Town of the Popes. They resided there in particular in the second half of the thirteenth century, and their presence strongly favored the flourishing of the medieval center. The Palace of the Popes (1267) still remains the symbol of the city.
The University. The University of Viterbo (La Tuscia) was founded in 1979. Its main building is placed in the center of the town, and belongs to the architectural complex of Santa Maria in Gradi. It still maintains characteristic elements such as cloisters and fountains.
The Bulicame. Viterbo is also famous for its hot springs of sulphureous nature. In a typical area, called Bulicame, one can dive in these waters, and benefit from their healing properties. The place is also mentioned by Dante Alighieri in his Divina Commedia.
